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ABSTRACT 
 The overall objectives of this study were to 1) evaluate the impact of including 
crossbred relative records on estimated breeding value selection accuracy for crossbred 
performance and to 2) estimate the subsequent extent of animal re-ranking and differences in 
selection decisions. Number born alive (NBA) and litters per sow per year (LSY) records were 
obtained from a large swine breeding company which maintains a database consisting of 
nucleus, multiplier, commercial, and rotational cross herds. The dataset included 187,674 
litters from 46,749 Landrace (LR); 117,782 litters from 31,665 Large White (LW); and 
295,163 litters from 76,925 LR × LW (F1) females, respectively. Variance components for 
each breed were calculated in REMLF90 using bivariate models with one purebred trait and 
the respective F1 trait.  Number born alive and LSY crossbred breeding values and accuracies 
were estimated for purebred sows separately with purebred information only (EBVPLS) and 
with combined crossbred and purebred information (EBVCCPS) in BLUPF90. Purebred sow 
contemporary groups with >10 sows each were obtained according to herd weaning schedule 
from the most recent six months of data from each herd. Sows were ranked within 
contemporary groups for EBVPLS and EBVCCPS. Spearman rank correlations between EBV 
rankings and selection decision differences were calculated for each contemporary group, 
boars used for artificial insemination, and a multiplier herd (HP) with seven commercial herds 
which contained F1 progeny with > 98% pedigree information.   Selection accuracy increases, 
contemporary group Spearman rank correlations, and percentages of change in selection 
decisions were evaluated separately for NBA and LSY EBV using mixed model equations. 
Including crossbred relative records in crossbred EBV calculations improved selection 
accuracy for boars and sows from all herd types. Sow re-ranking and differences in selection 
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decisions within contemporary groups occurred within each herd type, including nucleus and 
multiplier herds in which selection decisions have the greatest impact. The greatest impact on 
sow re-ranking was observed in the HP herd, implying that including crossbred records in EBV 
calculations could have a greater impact than estimated in the present study if complete 
pedigree information is provided. Genetic progress in crossbred sows could be improved by 
including performance records from pedigreed crossbred sows in purebred breeding animal 
EBV calculations for crossbred performance. 
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CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
Reproductive improvement is a pertinent component of increasing profitability in 
today’s commercial swine herds. Swine breeders can increase reproductive efficiency 
rapidly through genetic progress using a pyramid which consists of nucleus, multiplication, 
and commercial herd types for genetic dissemination. While selection is practiced at all 
levels, genetic improvement at the nucleus level has the largest influence on the rate of 
genetic progress within a breeding program (Brascamp et al., 1985). Selection decisions in 
swine breeding herds are based on best linear unbiased prediction (BLUP) which estimates 
breeding values (BV) for the trait(s) of interest on an individual based on phenotypic 
records available on that individual and/or its relatives. While the development of genomic 
selection has reshaped the methodology for making selection decisions for many swine 
breeding companies due to accuracy improvements, selection decisions still rely largely on 
phenotypic data.  
 Several livestock industries, including the poultry, beef cattle, and dairy cattle 
industries utilize crossbreeding to obtain an advantage in the desired trait due to heterosis 
(Wei and van der Werf, 1995; Pollak and Quaas, 2005; VanRaden et al., 2007). While 
producing the most profitable crossbred animal is the selection objective of many swine 
breeding companies, most genetic improvement in these crosses which can be passed to 
subsequent generations originates in their purebred progenitors (Brandt and Taubert, 
1998). This genetic improvement is purely additive, and the phenotypic information used 
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for BLUP BV estimates consists largely of records obtained from purebred relatives housed 
in the nucleus herd. Utilizing this information as the primary basis for genetic improvement 
does not account for the effects of heterosis, dominance, or genetic by environment 
interactions (G × E)  (Brascamp et al., 1985). To improve selection accuracy for purebred 
EBVs when generating F1 crosses, breeders may choose to include crossbred progeny data 
in purebred animal genetic evaluations (Ehlers et al., 2006).   
The economic advantage achieved by each additional crossbred record could be 
determined by evaluating the advantage in selection accuracy for EBVs obtained from an 
additional crossbred record and determining its effect on genetic gain over subsequent 
generations. This effect could be different depending upon the origin of the crossbred 
record. The increased EBV selection accuracy obtained from one F1 progeny is greater in 
a sow from the multiplier herd than her dam from the nucleus herd. The effect of an 
additional crossbred record from a differential herd on accuracy should also be evaluated 
as records from varied environments lead to the reduction of the G × E effect on breeding 
value predictions, increasing their accuracy (Bijma and Van Arendonk, 1998; Lutaaya et 
al., 2002; Newman et al., 2007).  
Because of differential G × E and heterosis effects on phenotype, the genetic 
correlation between purebreds and crossbreds for a trait may be less than 1 (Wei and van 
der Werf, 1995; Brandt and Taubert, 1998). Therefore, when crossbred records are 
included in BV estimations, the animal’s rank for a trait may change even if records from 
purebred and crossbred animals are included as the same trait in the model. A changing in 
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rank for animals that are included in the selected proportion of purebred animals may 
exclude them from this proportion, impacting genetic progress in subsequent generations.  
The research within this thesis discusses 1) what is the average change in selection 
accuracy for differential herd types when pedigreed Landrace × Large White F1 data is 
included in sow BV estimations; 2) what is the average change in selection accuracy 
according to the number of crossbred records available for both boars and sows of 
differential herd types for BV estimation when pedigreed crossbred data is available; 3) 
how does the number of differential herds represented by daughter records influence 
selection accuracy; 4) how does including pedigreed Landrace × Large White F1 data 
influence boar and sow rankings and subsequent selection decisions according to 
contemporary group and for differential herd types; and 5) how do differential degrees of 
available pedigree information influence boar and sow rankings and subsequent selection 
decisions. 
Thesis Organization 
This thesis contains five chapters.  The first chapter is a general introduction which 
discusses the inclusion of crossbred records in breeding value estimation.  The second 
chapter is a comprehensive literature review which examines selection indices, estimated 
breeding value prediction accuracy, and including crossbred records in breeding value 
estimation.  The third and fourth chapters include modified versions of papers to be 
submitted to Journal of Animal Science.  Chapter 3 discusses breeding value selection 
accuracy increases when including crossbred records in breeding value estimation.  
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Chapter 4 relates to differences in selection decisions when crossbred records are included 
in breeding value estimation.  A general conclusion follows in Chapter 5. 
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CHAPTER 2: LITERATURE REVIEW 
Evolution of Selection Indexes 
Robert Bakewell (1725-1795), of Dishley, England, was the founder of progressive 
animal selection practices and is famed for his use of inbreeding to develop the modern 
New Leicester sheep breed (Wykes, 2004).  The advantage in Bakewell’s selection 
practices was that desirable traits were fixed quickly for a population; however, undesirable 
traits also became fixed.  Such selection practices are based primarily on the human eye 
and are highly subjective to training and environment. A monk named Gregor Mendel 
noticed that trait expression in peas could be predicted using probabilities (Mendel, 1865). 
Work on variance component estimation in quantitative genetics was conducted by Fisher 
in 1918 and was followed by further work on analysis of variance components (ANOVA) 
(Fisher, 1918; Searle, 1989).  Plant breeders pioneered the application of contemporary 
group deviations in work done on maize (Yates and Zacopany, 1935; Searle, 1989).  
Henderson employed variance component estimation in animal breeding through the use 
of sire evaluations in dairy cattle (Henderson, 1953; Heidhues et al., 1961). In 1963, he 
improved upon the selection index theory developed by Hazel (1943) by using linear mixed 
models to estimate an animal’s genetic potential (Henderson, 1963). 
 The equation proposed by Henderson (1963) enabled random effects to be included 
in breeding value estimation and fixed effects to be unknown prior to estimation. The 
equation took the following form: 
 =  +  +  
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where y is a vector of phenotypic records for a trait,   is an incidence matrix which relates 
fixed effects to phenotypic values,  is the vector of fixed effects (unknown),  is an 
incidence matrix relating random effects to phenotypic values,  is a vector of random 
effects (unknown), and  is a vector of residual random effects.  Henderson referred to 
fixed effect estimates as BLUE (Best Linear Unbiased Estimates) and to random effect 
estimates as BLUP (Best Linear Unbiased Predictions) (Henderson, 1975).  In 1976, 
Henderson described a method for including the relationship (A) matrix in mixed model 
equations to reduce the prediction error variance and thus improve the accuracy of genetic 
evaluations (Henderson, 1976; Stalder, 1995).  The A matrix includes inbreeding 
coefficients on the diagonal and coefficients of relationship on the off-diagonal as 
described by Wright (1922).   
 Mixed model equations are still the foundation for evaluating an animal’s genetic 
merit and their use is widespread throughout the swine industry.  The development of the 
sow productivity index (SPI) by Irvin in 1975 allowed for aggressive selection on sow litter 
size and other productivity traits where it had been relatively unsuccessful (Rutledge, 
1980). The sow productivity index included two traits, number born alive and adjusted 21-
day litter weight, as described below:  
SPI = 6.5*number born alive + adjusted 21-day litter weight 
Neal and Irvin (1992) described the success of selection on SPI across 10 generations of 
Landrace sows.  Since SPI’s inception, other traits and indexes have been proposed to 
improve sow productivity in commercial herds.  However, producing as many healthy pigs 
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as possible per sow in an economic fashion remains the primary maternal selection goal 
within the swine industry. 
Indexes for Selecting Maternal Females in the Swine Industry 
Selecting animals to be parents of the next generation for a herd is based upon its 
breeding goal. A breeding goal can be selected upon using a selection index which is 
comprised of the breeding values for several different traits that are weighted according to 
their economic importance. Selection indexes for a single trait within the breeding goal are 
often comprised of breeding values for several different traits which are weighted in order 
to minimize the average square prediction error, maximize the correlation between the true 
breeding value and the index, and properly rank animals according to their estimated 
breeding values (Mrode and Thompson, 2005). Breeding values are calculated by 
weighting phenotypic deviations from the mean for relative information and correlated 
traits. This enables traits which are of economic importance to be selected upon which may 
not be easy to measure or may only be available later in life (Mrode and Thompson, 2005). 
Indexes used for selecting maternal females can vary depending upon the breeding 
company in which they are implemented; however, each has a similar breeding goal: 
produce as many high quality, healthy weaned pigs per sow as possible within a given time 
period. Genetic progress in maternal traits can be difficult, due to lowered heritabilities, 
measurement complications, and sex limitations. Aggressive selection for improvement in 
litter size using traditional animal breeding methods was rarely implemented until the late 
1980’s (Merks et al., 2000) but upon implementation of such methodology, improvement 
in total number born of approximately 0.5 piglets for both the Landrace and Yorkshire 
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breeds was realized between 1990 and 1999 (Merks, 1999). Litter size heritability estimates 
calculated in the late 1990s ranged from 0.5 to 0.15 (Kerr and Cameron, 1996; Alfonso et 
al., 1997; Johnson et al., 1999; Merks et al., 2000; Hanenberg et al., 2001; Holm et al., 
2004a; Holm et al., 2004b), while more recent estimates for total number born range from 
0.02-0.18 (Wolf, 2010; Kapell et al., 2011; Abell et al., 2012; Abell et al., 2013; Lundgren 
et al., 2014). However, differences in breeding goals, particularly between differing 
breeding companies, could lead to differences in genetic parameters between different lines 
(Knol et al., 2002; Kapell et al., 2009).  
 Selection for larger litter sizes has resulted in increased concern for piglet survival 
and thriftiness (Knap, 2009). Alonso-Spilsbury et al. (2007) analyzed factors contributing 
to piglet death and reported estimates of piglet pre-weaning mortality between 12 and 25%. 
High pre-weaning mortality has resulted in selection on additional reproductive traits in 
hopes of simultaneously improving both traits.  Including other reproductive traits in 
maternal selection indexes has been considered in order to maximize reproductive 
performance of sows. Traits that have been considered include percentage of stillborn 
piglets, pre-weaning mortality percentage, total number born, number born alive, number 
weaned, litter weight, average litter birth weight, variation within litter birth weight, 
weaning to first service interval, farrowing after first insemination, gestation length, length 
of productive life, lifetime production, and age at first insemination (Ehlers et al., 2005; 
Engblom et al., 2009; Kapell et al., 2009; Kapell et al., 2011).  
 Selection response in reproductive traits, such as wean to estrus interval, non-
productive days, and farrowing rate, can be difficult to obtain because they are functions 
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of many other factors, including service sire fertility, breeding management, and estrus 
detection practices (Abell et al., 2012; Abell et al., 2013) though they are lowly heritable 
(Adamec and Johnson, 1997; Hanenberg et al., 2001; Abell et al., 2012). However, 
decreases in wean to estrus interval and non-productive days are vital to the economic 
efficiency of pork production systems because they can cost between $1.60 and 2.60 per 
sow per day, depending upon farm breakeven and weaned pig cost (Rix and Ketchem, 
2009). Selection on litters per sow per year could be used to improve non-productive sow 
days, farrowing rate, and wean to estrus interval indirectly (Abell et al., 2012; Abell et al., 
2013) and is calculated using the following formula (Stalder, 2002; Abell et al., 2012; Abell 
et al., 2013): 
(   )/(      )/    
Litters per sow per year genetic correlations with number born alive, lifetime number born 
alive, farrowing rate, and wean to estrus interval were estimated as -0.21 and -0.03; 0.25; 
0.63; and -0.96, respectively (Abell et al., 2012; Abell et al., 2013). Heritabilities from two 
separate breeding herds for litters per sow per year were also estimated as 0.03 and 0.11 in 
Abell et al. (2012) and Abell et al. (2013), respectively.  
 Incorporating litters per sow per year into a breeding scheme can present some 
difficulties which must be accounted for. Prior to selection, the relationship between litters 
per sow per year and growth traits should be evaluated and accounted for in the selection 
index (Abell et al., 2012). Accurately estimating the phenotype for litters per sow per year 
cannot occur until she is culled from the herd which may be after first parity for nucleus 
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herd types. Therefore, litters per sow per year BV estimates are based primarily on the 
sows’ relative information during her lifetime rather than her own. Standardizing the record 
keeping system for gilt entry and sow culling time points across and within herds is 
required for successfully implementing selection on litters per sow per year. Some herds 
may consider a gilt’s entry date to be when she is first mated while others may record her 
entry date as the day she is moved to the gestation location. Herds may also consider a 
sow’s culling date to be her last lactation day while others may record her culling date as 
the day she is sold. If a sow’s gestation, lactation, and wean to estrus interval lengths are 
assumed to be 115, 21, and five days, respectively; the greatest physiological litters per 
sow per year that she could have is 2.59 (Abell, 2011). For herds with high average litters 
per sow per year, the potential for improvement in the trait is lowered; however, a 0.1 
average increase in litters per sow per year may lead to an 11-day decrease in mated non-
productive days and have a substantial economic impact on large breeding herds (Abell et 
al., 2012).  
Including Crossbred Records in Breeding Value Estimations 
  Results from studies where crossbred records have been included in breeding value 
estimations suggest that genetic progress increases but presents several challenges (Wei 
and van der Werf, 1994; Bijma et al., 2001). Bijma et al. (2001) showed that when selection 
is based on crossbred performance and crossbred progeny records are included in breeding 
value estimation, genetic progress increases for traits with a low genetic correlation 
between crossbred and purebred performance. However, the rate of inbreeding increases 
with lowered genetic correlations between crossbred and purebred performance if it is not 
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fixed. When the rate of inbreeding was fixed, selecting on crossbred performance still 
resulted in greater genetic gain rates than selection on purebred performance only. 
Furthermore, crossbred records are typically collected from different herd environments, 
which may result in a lowered genetic correlation between purebreds and crossbreds 
performance (Standal, 1977; Mulder and Bijma, 2005). 
Using crossbred progeny records with purebred records for estimating the breeding 
values for a given trait could be complicated by differing genetic parameter estimates (Wei 
and van der Werf, 1994). Heritabilities for traits such as 56-day weight, post-weaning 
average daily gain in swine and chicken age at sexual maturity, survivors’ percent 
production, egg number, egg weight, and body weight in crossbreds have been shown to 
be higher than that of their purebred progenitors (Krause et al., 1965; Stanislaw et al., 1967; 
Taran et al., 1972; Pirchner and VonKrosigk, 1973; Orozco and Bell, 1974; Brown and 
Bell, 1980). Wei et al. (1991) attributed this difference in heritability to the potential 
difference in dominance effects between purebreds and crossbreds. In the same study, Wei 
et al. (1991) also demonstrated that when using an animal model to predict crossbred 
response, differential variances between the sire and dam lines should be accounted for. 
Due to the differences in genetic parameters between purebreds and crossbreds for the same 
trait, Wei et al. (1991) and Baumung et al. (1997) proposed that purebred and crossbred 
records be treated as two separate traits. However, because estimating the genetic 
parameters to treat crossbred and purebred records as separate traits requires extra time and 
computing power, breeding companies may elect to select on both crossbred and purebred 
information with the crossbreds treated as purebreds. Wei and van der Werf (1994) stated 
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that when the genetic correlation between crossbreds and purebreds was treated as 1 and 
the crossbred and purebred heritabilities were considered to be the same, genetic progress 
in the crossbreds was greater than when selection was based on purebred information only. 
This same result was demonstrated in a commercial pig breeding herd by Ehlers et al. 
(2006). 
 Previous literature suggests several methods for selection based on indexes which 
include crossbred and purebred records. Wei and van der Werf (1993) estimated the genetic 
correlation between crossbred and purebred information in laying hens for egg number 
using bivariate restricted maximum likelihood methods, using the genetic variance and 
covariance structure between purebreds and crossbreds as detailed in Wei and van der Werf 
(1994). This method enabled them to estimate genetic parameters but no details were 
provided as to its usefulness for obtaining EBVs. Ehlers et al. (2006) used the 
GRAMBLUP package (Feng and Mabry, 1996) to estimate BVs using purebred 
information only and purebred and crossbred information with a genetic correlation 
between purebreds and crossbreds of 1. However, using this program to estimate two 
separate correlated traits presents convergence issues. Variance components were 
estimated using the VCE program, version 4.2 (Groeneveld, 1998) in Ehlers et al. (2005). 
Lutaaya et al. (2002) conducted similar calculations with purebred and crossbred 
information considered as separate traits using the BLUPF90 program (Misztal et al., 
2002). The BLUPF90 program family includes a program for variance component 
estimation that uses accelerated expectation-maximization REML as described in Misztal 
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(2008) and allows for the estimation of variance components from a population along with 
EBVs. 
Several methods to compare EBVs calculated using pure line selection where EBVs 
are estimated using purebred information only versus EBVs calculated from both crossbred 
and purebred information have been reported (Bijma et al., 2001). McLaren, Buchanan, & 
Hintz (1985) obtained the correlations between the ranks of terminal sires estimated from 
two purebred only data sets and two purebred and crossbred data sets combined. Rank 
correlations were conducted separately for birth, 21-and 42-day weights; average daily 
gain; and backfat traits. Sire EBV’s were obtained using mixed model equations when the 
variance components for the traits were unknown and BLUP when variance components 
were known. To calculate the correlation between evaluations and rankings when 
evaluations were based only on purebred information and when they were based combined 
crossbred and purebred information, the authors used two different methods. The first 
method used product-moment correlations between EBV’s as well as Spearman-Rho 
correlation coefficients between rankings. The second method calculated the intra-class 
correlation coefficient for sire evaluations, and no separate correlation coefficient between 
the sire rankings was obtained. The correlations between sire EBVs and rankings ranged 
between 0.17 and 0.27, 0.12 and 0.16, 0.42 and 0.62, 0.40 and 0.69, and 0.82 and 0.90 for 
birthweight, weight at 21 days, weight at 42 days, ADG, and backfat, respectively. It is 
further noted that correlations were lowest for birth and 21-day weight traits and the 
greatest for backfat. The correlations are different between both data sets. The authors state 
that this is because the dataset is unbalanced, and the second method does not work for 
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unbalanced data. The authors suggest that the difference in genetic gain obtained from 
using only purebred data versus using both purebred and crossbred data can be expressed 
using the response ratio 
! = "#ℎ#%&"&ℎ&%#' 
where: i is the selection intensity, h is the square root of heritability, rg is the genetic 
correlation, I is the generation interval, and subscripts p and c indicate purebreds and 
crossbreds, respectively.  They noted that when R was greater than 1.0, it was better to use 
crossbred and purebred data than simply crossbred data and when the ratio was less than 
1, the opposite was true. McLaren et al. (1985) stated that when the genetic correlation 
between crossbreds and purebreds is high, then the advantage to incorporating crossbred 
data is minimal. However, there is a greater potential advantage in incorporating crossbred 
data for traits which have greater crossbred heritability to purebred heritability ratio (Wei 
and van der Werf, 1994; Wei and van der Werf, 1995). 
Breeding Value Prediction Accuracy Derivation 
Before considering how additional crossbred records affect the selection accuracy 
of purebred breeding value, selection accuracy must be characterized. The breeding value 
prediction accuracy for an animal with a single record is defined as the correlation between 
the phenotypic value and the true breeding value (Mrode and Thompson, 2005). While the 
true breeding value is inestimable when only phenotype is available, the regression of the 
true breeding value on phenotype for a population (b) can be estimated as follows:   
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where a is a vector of the estimated breeding values for animals in a population, y is the 
vector of phenotypic performance of animals in the population and h2 is the heritability of 
the trait (Mrode and Thompson, 2005). Similarly, estimated breeding value prediction 
accuracy for an animal can be estimated as: 
'0 =  11 − SEP0/.0/  
where '0 is the respective EBV selection accuracy for the ith animal and the jth trait, SEP0 
is the respective EBV standard error of prediction for the the ith animal and the jth trait, and 
.0/ is the additive genetic variance for the jth trait (Mrode and Thompson, 2014). Therefore, 
the prediction accuracy of a breeding value estimated on one phenotypic record for an 
animal is equivalent to the square root of heritability.  
 When considering the breeding value selection accuracy for an animal that has 
records on relatives such as sire, dam, progeny or sibling records, the additional accuracy 
of the BV from that relative’s records can be derived based upon the relatedness of the 
relative to the individual and the number of the relative’s records that are used in the 
computation of the BV (Mrode and Thompson, 2005). Therefore, if an individual’s BV is 
calculated based upon its own records and the records of its relatives, the prediction 
accuracy of that BV becomes a function of heritability, the number of records included in 
the calculation, and the relatedness of the individuals whose records are used to derive the 
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BV of interest. Thus, as the number of records available for the calculation of a BV 
increases, the prediction accuracy of that BV also increases. It is important to note that 
some authors have reported BV prediction accuracies in terms of reliability in the scientific 
literature, which is equal to accuracy squared (Mrode and Thompson, 2005). 
The Effects of Including Crossbred Records in Calculating Purebred EBVs on 
Prediction Accuracy 
According to selection index theory, the effect of including one crossbred progeny 
record on the accuracy of a purebred animal’s BV, provided the breeding goal remains the 
same, is equivalent to the inclusion of one purebred progeny record.  Ehlers et al. (2006) 
estimated the mean change in accuracy for number born alive, adjusted litter weight at 
weaning, and wean to estrus interval after crossbred progeny records were included when 
estimating BVs for purebred animals from a swine production system with great 
grandparent, grandparent and parent stock herds. Breeding values and their respective 
accuracies were estimated using the GRAMBLUP package (Feng and Mabry, 1996) for 
purebreds based on purebred records only and purebred and crossbred records combined. 
The models for BV prediction were the same; however, breed was included in the model 
when crossbred records were added. The observed increases in accuracy for number born 
alive, adjusted litter weight, and wean to estrus interval were 0.09, 0.08, and 0.07, 
respectively, when an average of 9.5 records from crossbred progeny of individuals from 
the grandparent and parent stock herds were added. The increases in accuracies of 12.5% 
to 15.6% were attributed to an increase in the number of progeny records from both the 
grandparent and parent stock herds.  
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 Lutaaya et al., (2002) calculated reliabilities of purebred and crossbred BVs for 
lifetime daily gain and backfat using three different models and 2 purebred lines. The 
purebred model included fixed, additive, parental dominance and litter effects. The 
crossbred model that was used originated from Lo et al., (1997) and correlated the purebred 
lines with the crossbred line, but did not correlate the purebred lines with each other. The 
approximate crossbred model was the same as the purebred model; however, the genetic 
correlation between crossbreds and purebreds was considered to be 1. When purebred BVs 
were calculated using the purebred and approximate crossbred models, the mean reliability 
for line A increased by 0.02 and 0.03 for lifetime daily gain and backfat, respectively. The 
mean reliability for line B increased by 0.01 for both traits. The authors hypothesized that 
the difference in mean reliabilities observed for both lines was due to the fact that line B 
was approximately 4 times larger than line A and the crossbred line which contributed the 
crossbred information. Reliability increased by 0.05 and 0.11 in line A and 0.21 and 0.19 
in line B for lifetime daily gain and backfat in crossbred BV calculation, respectively. The 
authors attributed the differential increase in reliability to the increased female to male ratio 
in the B line.  
The Effects of Including Crossbred Records in Calculating Crossbred EBVs on 
Prediction Accuracy 
 The effects of including crossbred records in the calculation of BVs for purebreds 
when crossbred and purebred performance is a correlated response has been considered for 
terminal and reproductive performance (Bosch et al., 2000). Newman et al. (2007) 
analyzed the effect of including crossbred records on sire BV evaluations for growth rate 
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(defined as carcass average daily gain), loin pH taken at 24 hours postmortem, and grow-
finish mortality. Both purebred and crossbred progeny records from sires of 3 divergent 
lines were included in the evaluation; however, the purebred and crossbred progeny were 
housed separately. Similar models were used for BVs calculated with and without 
crossbred BVs. The model for crossbred BVs considered crossbred and purebred traits to 
be correlated. The increase in accuracy was similar across lines for each trait but differed 
between traits within the same line. The accuracies for crossbred BVs averaged 0.12 and 
0.38 greater than the purebred BVs for growth rate, and mortality, respectively. The authors 
attributed the difference in the change in accuracy to a difference in the genetic correlation 
between the purebred and crossbred traits (>0.55 and <0.35 for growth rate and mortality, 
respectively). The observed difference suggests that traits with a lower genetic correlation 
between purebreds and crossbreds benefit more from the addition of crossbred information 
than traits with a higher genetic correlation between purebreds and crossbreds.  
 Ibáñez-Escriche et al. (2011) analyzed the effect of crossbred records on BVs for 
lean meat percentage in a population that consisted of purebred Landrace, Duroc and 
Pietrain nucleus herds, a Duroc × Landrace multiplying herd, and commercial herds with 
Pietrain × Duroc × Landrace animals. Two crossbred models were used in addition to the 
single trait purebred model; one considered records from different breeds to be correlated 
traits and the other was a multibreed model in which the pure breed and segregation 
components were mixed into the additive covariance matrix, which was split to ease 
computation. When the crossbred model in which breeds were correlated was used, 
reliabilities increased by 16, 8 and 50% for the Duroc, Landrace, and Pietrain breeds. In 
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this instance, accuracies increased greatly for lowly heritable traits when crossbred 
information was included; however, for traits with higher heritabilities, the advantage in 
accuracy was lower.  Slightly higher increases in reliability were observed in the 
multibreed additive model; however, the multiple-trait model was considered to have 
greater predictive ability due to its lower mean squared errors.  
 Bijma et al. (2001) used the infinitesimal model to deterministically consider the 
impact of combined crossbred and purebred selection on inbreeding when crossbred and 
purebred performances were evaluated as two genetically correlated traits. Sires were used 
to produce both purebred selection candidates and crossbreds, so that each selection 
candidate had information on crossbred half sibs. Rates of genetic gain were evaluated for 
both pure line selection and combined crossbred and purebred selection with fixed rates of 
inbreeding. The increase in genetic gain due to increased accuracy of selection offset the 
decreased selection intensity due to fixed rates of inbreeding and resulted in higher genetic 
gain for combined crossbred and purebred selection compared to pure line selection. 
 Jiang and Groen (1999) compared pure line selection and combined crossbred and 
purebred selection on hatching egg number in a system where each purebred individual 
had purebred full siblings, purebred half siblings, and crossbred half siblings. Crossbred 
hatching egg number and purebred hatching egg number were considered two different, 
but genetically correlated, traits. Differing genetic correlations between purebreds and 
crossbreds for a single trait were also considered. When the genetic correlation between 
purebreds and crossbreds was high, an increase in genetic gain was observed for combined 
crossbred and purebred selection because the accuracy of the selection index was increased. 
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An increase in genetic gain due to increased accuracy of selection when both crossbred and 
purebred information was included was observed for all of the differing genetic correlation 
levels between purebreds and crossbreds. The value of additional information from 
crossbreds was again highest when the genetic correlation between purebreds and 
crossbreds was the lowest.  
 Bosch et al. (2000) calculated number born alive EBVs for both pure-line selection 
and combined crossbred and purebred selection for a farm system with nucleus, multiplier 
and commercial herds and considered purebred and crossbred information as separate, but 
genetically correlated, traits. Genetic correlations between crossbreds and purebreds for 
number born alive were 0.59 and 0.40 for purebred lines A and B, respectively.  Purebred 
EBV accuracies increased by 19 and 2% for lines A and B, respectively.  Crossbred EBV 
accuracies increased by 4 and 22% for lines A and B, respectively.  The authors attributed 
the accuracy increase differences to differences in the number of sires with pure and 
crossbred progeny records.  
EBV Ranking and Selection Decisions with Crossbred Record Inclusion 
Including crossbred records in BV estimations has consequences on selection 
decisions as well as on accuracy. Bosch et al. (2000) reported that when the genetic 
correlation between purebreds and crossbreds is <1, not all of the genetic progress that is 
made in the purebreds will be passed on to their crossbred progeny. Furthermore, Ibáñez-
Escriche et al. (2011) demonstrated that when crossbred information is included in the 
EBVs for a lowly heritable trait, breeding value ranks and subsequent selection decisions 
are changed. Because crossbred records can be difficult for commercial breeding 
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companies to obtain, it is imperative to quantify the change in selection decisions that 
occurs when crossbred information is included in BV estimation so that the change in 
subsequent genetic progress can be accessed.  
Several studies have evaluated the change in ranking that occurs when combined 
crossbred and purebred selection is used in selection for terminal traits in swine. McLaren 
et al. (1985) examined combined crossbred and purebred selection effects on ranking 
decisions for pig birth weight, 21- and 42-day weights, postweaning average daily gain, 
and backfat thickness EBVs when crossbred and purebred records were considered as 
different fixed effects within the same model. Calculations were made for two different 
data sets.  Weighted averages of the Spearman rank correlations between the purebred and 
crossbred sire evaluations for both data sets were 0.19, 0.16, 0.50, 0.59, and 0.84 for birth 
weight, 21-day weight, 42-day weight, postweaning average daily gain, and backfat 
thickness, respectively.  
Rank correlations for lifetime daily gain and backfat EBVs from pure line selection 
and combined crossbred and purebred selection were calculated by Lutaaya et al. (2002). 
When the crossbred model in which purebred and crossbred information was considered 
to be correlated was used, rank correlations for lifetime daily gain were 0.998, 0.997, and 
0.87 for purebred lines A and B and crossbred line C, respectively. Using the same models, 
rank correlations for backfat were 0.99, 0.99, and 0.85 for lines A, B, and C, respectively. 
When the approximate crossbred model and crossbred model were compared, rank 
correlations for lifetime daily gain were 0.99, 0.99, and 0.98 while rank correlations for 
backfat were 0.99, 0.99, and 0.96 for lines A, B, and C, respectively. 
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Ibáñez-Escriche et al. (2011) calculated Pearson rank correlations of EBVs for lean 
meat percentage using a purebred model and two different crossbred models, as previously 
discussed. When the BVs for pure line selection and the multiple-trait combined crossbred 
and purebred selection model were considered, rank correlations were 0.96, 0.95, and 0.85 
for Duroc, Landrace, and Pietrain lines, respectively. Likewise, when BVs from multibreed 
combined crossbred and purebred selection model were correlated to BVs from the pure 
line selection model, correlations were 0.94, 0.88, and 0.81 for Duroc, Landrace, and 
Pietrain lines, respectively. When both the multiple-trait and multibreed combined 
crossbred and purebred selection models were compared, rank correlations were 0.96, 0.93, 
and 0.90 for the Duroc, Landrace, and Pietrain lines, respectively.  
Changes in rankings have been observed when BVs for conventional and organic 
growth rate and backfat thickness were estimated, suggesting that G × E could have an 
effect on selection decisions. Wallenbeck et al. (2009) calculated EBVs for growth rate and 
backfat thickness for 29 Hampshire sires based on their progeny raised in either 
conventional or organic environments. Pigs raised in the organic setting were crossbred 
while those raised in the conventional setting were purebred. Sires were ranked according 
to their conventional and organic EBVs and both Spearman and Pearson rank correlations 
were conducted. Spearman rank correlations were 0.48 and 0.42 for growth rate and 
backfat thickness, respectively. Pearson correlations were 0.45 and 0.37 for growth and 
backfat thickness, respectively. The magnitude of the correlations suggests that when 
differing environments are combined with different genetic backgrounds, selection 
decisions are changed.  
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Bosch et al. (2000) ranked sires by four different selection strategies and evaluated 
the percentage of equally selected sires between that selection strategy and one that selects 
sires based on purebred information only. Selection decisions at replacement rates of 10, 
30, and 50% were considered. When crossbred records were indirectly considered in the 
calculation of purebred number born alive EBVs through a correlation between crossbreds 
and purebreds of 0.60, the percentage of equally selected sires was 98, 97, and 99% for 
replacement rates of 10, 30, and 50% respectively. When crossbred records were the only 
source of information, the percentage of equally selected sires was 75, 80, and 86% while 
the percentage of equally selected sires when both purebred and crossbred information was 
used was 88, 91, and 93% for replacement rates of 10, 30, and 50%. Results from this study 
indicate that when the selection intensity is relatively low, the differences between pure 
line selection and combined crossbred and purebred selection are greater.  
Ehlers et al. (2006) evaluated the Spearman rank correlation between EBVs for 
number born alive, adjusted litter weight, and the wean-to-estrus period, which were 
estimated using purebred information only and purebred and crossbred information. The 
model used to calculate EBVs for combined crossbred and purebred selection considered 
the genetic correlation between purebred and crossbred animals to be 1. Rank correlations 
between EBVs for sows were 0.81, 0.71, and 0.81 for number born alive, adjusted litter 
weight, and wean to estrus interval, respectively. Rank correlations between EBVs for 
purebred Yorkshire sires were 0.86, 0.83, and 0.81 for number born alive, adjusted litter 
weight, and wean to estrus interval, respectively. Furthermore, when the top 25 sows 
selected based upon the sow productivity index calculated using purebred information only 
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were compared to those selected based upon the sow productivity index with purebred and 
crossbred information, re-ranking of the sows occurred, suggesting that some genetic gain 
was being lost when selection was based upon purebred information only. Yorkshire sires 
were ranked based on their purebred and purebred and crossbred information. Re-ranking 
occurred among the sires, suggesting that genetic gain was also being lost in sire selection. 
Because sire selection has a greater influence within a commercial swine breeding 
company, the observed re-ranking could potentially result in a greater amount of genetic 
leakage than what might occur among sows.  
Including Crossbred Performance Records in EBV calculations for Purebreds with 
Genomic Technology 
 Developments of marker assisted selection and genome-enabled selection could 
lead to improved EBV selection accuracy for purebred and crossbred performance when 
calculated using genomic information (Visscher and Haley, 1995; Meuwissen et al., 2001; 
Dekkers, 2007). Marker-assisted and genome-enabled selection can be used to select 
purebreds for crossbred performance; however, doing so requires estimating the marker 
effects for crossbred performance using a reference population which includes mostly 
crossbred animals (Dekkers, 2007; Ibánẽz-Escriche et al., 2009; Zeng et al., 2013; van 
Grevenhof and van der Werf, 2015). This requires a substantial financial investment in 
collecting genotypes and phenotypes on crossbred animals due to pig breeding program 
structure (Esfandyari et al., 2015). Therefore, Esfandyari et al. (2015) suggested that allele 
additive and dominance effects be estimated from purebred phenotypic data. Subsequently, 
EBV for crossbred performance would be estimated using the dominance model in which 
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additive and dominance effects are included using two separate matrices (Esfandyari et al., 
2015).  
 Advantages of genome-enabled selection include the following (Ibánẽz-Escriche et 
al., 2009):  
1) Crossbred pedigree information is not required 
2) Once single nucleotide polymorphism (SNP) marker effects are calculated using a 
reference population, estimates can be used for EBV prediction for several 
generations without additional phenotypes (Meuwissen et al., 2001) 
3) The inbreeding rate is reduced (Daetwyler et al., 2007) 
4) Additive and dominance effects can be accounted for separately (Zeng et al., 2013; 
Esfandyari et al., 2015). 
However, incorporating genome-enabled selection practices into a breeding program can 
include start-up costs of $326,031 and $318,338 for maternal and terminal line selection, 
respectively, and may/may not be profitable depending on the achieved genetic gain rate 
(Abell et al., 2014).  Prediction accuracy using genome-enabled selection can also be trait 
dependent, and its predictive ability when estimated using purebred phenotypic data can 
depend on the genetic correlation between purebred and crossbred performance (Hidalgo 
et al., 2015).  
Summary 
 Genetic improvement in crossbred sow productivity contributes to the economic 
efficiency of the commercial swine industry. Prediction accuracy of purebred EBVs for 
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crossbred productivity can be increased by including crossbred progeny records; 
however, the extent of the increase is dependent upon the heritability of the trait and the 
genetic correlation between the purebreds and crossbreds under consideration. Literature 
suggests that an EBV re-ranking can occur when crossbred progeny records are included, 
as indicated by Spearman rank correlations of <1. However, the rank correlations varied 
according to the trait of interest, the origin of the data, and the model which was used to 
incorporate crossbred data.  While results indicate that changes in accuracy and ranking 
occur when crossbred progeny data is incorporated into BV estimation with a swine 
breeding system, the extent of these changes according to herd type and relationship to F1 
females remains unknown. 
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Abstract 
Number born alive (NBA) and litters per sow per year (LSY) records were obtained 
from a large swine breeding company that maintains a database that includes nucleus, 
multiplier, commercial, and rotational cross herds. The dataset included 187,674 litters 
from 46,749 Landrace (LR); 117,782 litters from 31,665 Large White (LW); and 295,163 
litters from 76,925 LR × LW (F1) females, respectively. Variance components for each 
breed were estimated in REMLF90 using bivariate models with one purebred trait and the 
respective F1 trait. Number born alive and LSY crossbred breeding values and accuracies 
were estimated for purebred sows separately using purebred information only and using 
combined crossbred and purebred information. Selection accuracy improvements when 
crossbred information was included in breeding value estimation were evaluated separately 
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for boars and sows using mixed model equations. Number born alive and LSY heritabilities 
ranged from 0.05 to 0.08 and 0.08 to 0.17, respectively. Genetic correlations between 
purebreds and crossbreds ranged from 0.78 to 0.85 and 0.62 to 0.69 for NBA and LSY, 
respectively. The greatest improvement in selection accuracy was observed in commercial 
herd purebred sows, while selection accuracy increases were lowest for purebred sows in 
multiplier herds due to a lower proportion of available pedigree information in these herds. 
Furthermore, increased selection accuracy was greater for LR animals than LW animals. 
The greatest impact on selection accuracies when crossbred records were included was 
observed in boars with many crossbred daughter records.  Sow selection accuracies were 
improved with the addition of crossbred relative records and plateaued when 89 and 23 
crossbred daughter records were included in NBA and LSY breeding value estimations, 
respectively. Increased selection accuracy when crossbred information is included has the 
potential to change selection decisions in all herd levels and impact genetic progress in 
subsequent generations.  
Key words: accuracy, crossbred, daughter records, heritability, reproductive performance 
Introduction 
 The use of crossbreeding for maximizing heterosis and increasing sow reproductive 
performance on commercial farms is a fundamental component for modern pig breeding 
schemes.  Pig breeding companies use purebred maternal line parents [e.g. Landrace (LR) 
and Large White (LW)] to produce F1 females which are crossed to unrelated terminal 
boars to produce market hogs for the commodity pork sector.  Therefore, genetic gain in 
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purebreds drives genetic progress in F1 sows and at the commercial level (Brandt and 
Taubert, 1998).   
Despite the development of genomic selection, some genetic improvement systems 
rely on traditional BLUP methods for breeding value (BV) estimation and selecting 
breeding animals. Collecting pedigreed phenotypic records is necessary for both genomic 
and BLUP BV selection methods.  Breeding companies may choose to implement 
combined crossbred and purebred selection (CCPS).  This is accomplished by including 
crossbred performance and pedigree information as a separate correlated trait, whereas 
pure line selection (PLS) estimates breeding values from purebred information only.  
However, purebred performance can be a poor predictor of crossbred progeny performance 
when estimating BVs (Wei and van der Werf, 1994; Baumung et al., 1997; Dekkers, 2007; 
Ibáñez-Escriche et al., 2011).  Including records from crossbred animals with known 
parentage in purebred parent selection will increase genetic progress in the F1 generation 
through improved selection accuracy due to increased numbers of records (Uimari and 
Maki-Tanila, 1992) and re-ranking selected animals when the genetic correlation between 
purebred and crossbred performance (rpc) is <1 (Bosch et al., 2000; Ehlers et al., 2006; 
Ibánẽz-Escriche et al., 2009).   
Combined crossbred and purebred selection has several limitations at genetic and 
phenotypic levels.  Bijma et al. (2001) suggested that, when rpc < 1, CCPS could result in 
increased inbreeding levels if the inbreeding accumulation rate is not restricted, particularly 
for traits with low heritability (h2).  Ensuring crossbred record reliability can also be 
difficult in herds that are not owned by the breeding company itself.  Furthermore, 
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increased crossbred record collection costs may result in crossbred record exclusion from 
purebred selection decisions (Dekkers, 2007).  Crossbred records, especially from progeny, 
may not be available when sows are selected, given the shortened generation interval 
necessary to maintain adequate genetic progress in nucleus herds (Mulder and Bijma, 
2005). Thus, determining the optimal crossbred relative record number to include in BV 
estimation could result in more cost-effective CCPS implementation in breeding 
companies. 
The objective of this study was to evaluate the impact of including crossbred 
relative records on estimated breeding value (EBV) selection accuracy for crossbred 
performance.  A second objective was to estimate the number of crossbred progeny records 
needed to achieve differential improved selection accuracy for number born alive (NBA) 
and litters per sow per year (LSY).  
Materials and Methods 
Data 
 Reproductive records from November 1992 to February 2016 were obtained from 
a large swine breeding company that maintains a database consisting of nucleus, multiplier, 
commercial, and rotational cross herds.  Nucleus herds consisted of purebred LR and LW 
sows used to generate purebred sires and purebred dams for both the nucleus and multiplier 
systems.  Females in the multiplier system were mated to males of an unrelated breed to 
obtain F1 daughters for commercial farms.  Rotational cross herds generated their own 
females by breeding F1 females to alternate purebred males.  
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Sow records included the year and month of farrowing, farm, sow breed, individual 
identification, mate, sow parity, number born alive (NBA), service type, wean-to-estrus 
interval, litter weight, litters per sow per year (LSY), farrowing and weaning date, sire and 
dam identification, sow status, and lactation length.  Traits analyzed for the present study 
include NBA and LSY.  Because LSY is collected over an individual’s lifetime, only one 
LSY observation per sow was included in the analysis. Litters per sow per year was 
calculated using the following formula: 
∑ ##8     &∑  8    & ∗       (Abell et al., 2012). 
The dataset consisted of 187,674 and 46,749 LR; 117,782 and 31,665 LW; and 
295,163 and 76,925 F1 NBA and LSY records, respectively, for a total of 600,619 NBA 
and 155,339 LSY records from 155,339 sows. Number of records according to herd type, 
breed and percentage of pedigree information are described in Table 3.1.  Records with 
NBA < 3 and > 25, no farrowing date, or parity > 20 were considered incorrect and were 
deleted.  Litters per sow per year values > 2.59 were truncated at 2.59.  Likewise, LSY 
values < 1 were set to 0.  Number born alive contemporary groups consisted of sows from 
the same herd, year, and month of farrowing while LSY contemporary groups included 
sows from the same herd, year, and season (3-month period) of last farrowing.   
Statistical Analysis 
 Number born alive and LSY variance components were estimated for LR, LW, and 
F1 breeds using the REMLF90 software package (Misztal et al., 2002). The dataset 
consisted of a random sample of five thousand LR, five thousand LW, and 10 thousand F1 
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pedigreed records to reduce computation time. Two bivariate models consisting of one 
purebred breed and the F1s were used to obtain rpc. Separate crossbred EBV estimated using 
purebred information only (EBVPLS) and estimated using combined purebred and crossbred 
information (EBVCCPS) were calculated for 76,737 purebred animals.  The model for NBA 
EBVs consisted of the following: 
0:8 =  ; + cg + parity0 + animal: + pe8 + service sire + 0:8 
where cg is the fixed effect of the ith herd, year, and month; parity0  is the fixed effect of 
the jth parity; animal: is the additive genetic effect of the kth animal; pe8 is the permanent 
environmental effect of the lth sow; service sire is the diagonal random effect of the mth 
service sire; and 0:8 is the random effect of the ijklmnth error.  
The model for LSY EBVs consisted of the following:  
0: =  ; + cg + animal0 + 0: 
where cg is the fixed effect of the ith herd, year, and season (3-month period) of the sow’s 
last farrowing; animal0  is the additive genetic effect of the jth animal; and 0: is the random 
effect of the ijklth error.  
 The standard error of prediction was obtained for crossbred EBVPLS and EBVCCPS, 
and selection accuracies were calculated using the following formula: 
'0 =  11 − SEPBCDECD                    (Mrode and Thompson, 2014) 
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where '0 is the respective crossbred EBV selection accuracy for the ith animal and the jth 
trait, SEP0 is the respective crossbred EBV standard error of prediction for the the ith animal 
and the jth trait, and .0/ is the additive genetic variance for the jth trait and breed.  
 Accuracy changes between crossbred EBVPLS and EBVCCPS selection accuracies 
(ΔA) were evaluated for NBA and LSY using mixed model equations in SAS (PROC 
MIXED SAS v9.4; SAS Inst. Inc., Cary, NC). The sow NBA and LSY ΔA model contained 
fixed effects of herd type, herd ownership type, breed and status of the sow (active or 
removed), and the difference in the number of herds that records originated from. Model 
covariates included the squared effects of the change in the number of daughter, 
granddaughter, half-sib, and full- and half-sibling daughter records. The sire NBA and LSY 
ΔA model contained fixed effects of breed and difference in the number of herds that 
records originated from. Covariates were the squared effects of change in the number of 
daughter and granddaughter records. Models were selected using backward selection in 
PROC GLMSELECT (SAS v9.4; SAS Inst. Inc., Cary, NC), and only effects with a P < 
0.05 remained in the model. When a fixed effect was a significant variation source, levels 
were separated with the PDIFF option and multiple comparisons between levels were 
accounted for using a Tukey-Kramer adjustment. 
Results and Discussion 
Variance Component Estimates 
 Variance component, heritability, and rpc estimates are presented in Table 3.2.  
Number born alive variance component estimates in the present study are similar to those 
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previously reported by Abell et al. (2013) where additive genetic and non-additive genetic 
effects corresponded to 1 and 12% of the variation, respectively.  Number born alive and 
LSY heritabilities for all breeds were similar to recently reported estimates which range 
between 0.02 and 0.18 and 0.03 and 0.11, respectively (Wolf, 2010; Abell et al., 2012; 
Abell et al., 2013). Genetic correlations between purebreds and crossbreds for NBA were 
within the previously reported range of 0.4 to 1.0 (Wong et al., 1971; Fischer, 1998; Bosch 
et al., 2000).  To our knowledge, no previous rpc estimates for LSY have been published; 
however, the estimates in this study were similar to that of other swine reproductive traits.  
Litters per sow per year rpc estimates were lower than NBA rpc estimates. Within this herd 
system, selection for NBA has occurred for approximately 20 years, while selection for 
LSY has occurred for approximately five years. Therefore, selection scheme, as well as the 
differing nature of the two traits, may contribute to this observation.  
Mean Increases in EBV Selection Accuracies 
Mean crossbred EBVPLS and EBVCCPS selection accuracies (mean ± SD) for both 
NBA and LSY are presented in Table 3.3. Number born alive and LSY selection accuracies 
increased by 9.8 and 26.8% for sows and 10.6 and 25.2% for boars, respectively, when 
calculations included crossbred information as a separate correlated trait. Mean sow NBA 
selection accuracies for PLS and CCPS obtained in the present study are lower than those 
reported by Ehlers et al. (2006) but are similar for boars. However, the mean NBA selection 
accuracy increases for both sows and boars are slightly greater than those observed by 
Ehlers et al. (2006) in which rpc equaled one. This is likely due to the lower rpc used in the 
present study. Bosch et al. (2000) estimated breeding values for NBA in two unidentified 
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purebred pig lines (subsequently referred to as line 1 and line 2) from an established 
nucleus, multiplier and commercial herd system. Purebred NBA and crossbred NBA were 
considered genetically correlated traits with rpc of 0.59 and 0.40 for lines 1 and 2, 
respectively. The author reported NBA EBV selection accuracies for PLS of 0.23 for both 
lines and increases in selection accuracies of 4 and 22% when crossbred progeny 
information was included for lines 1 and 2, respectively. The accuracy increase discrepancy 
between lines 1 and 2 is likely because of differential rpc values. The rpc for both Landrace 
and Large White sows in the present study are greater than that of line 2, which may explain 
the respectively lower increase in selection accuracy with CCPS in the present study. 
Mean LSY selection accuracies for both EBVPLS and EBVCCPS were lower than 
those observed for NBA in the present study and Ehlers et al. (2006); likely because only 
one record was available for each sow. The increases in selection accuracy for EBVCCPS 
compared to EBVPLS were also greater than those observed for NBA. This is attributed to 
the lower rpc for LSY as well as lower EBVPLS selection accuracies. 
Increase in Selection Accuracy – Herd Ownership, Breed and Sow Status 
Selection accuracy improvements for crossbred EBVCCPS relative to EBVPLS were 
0.004 ± 0.0003 and 0.009 ± 0.0005 lower for herds owned by clients compared to herds 
owned by the breeding company for NBA and LSY, respectively (P < 0.05; not shown).  
Though the difference was minimal, it is likely due to a greater proportion of related 
pedigreed crossbred records included in EBVCCPS estimation for sows from company-
owned herds.   
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The selection accuracy increase was 0.03 ± 0.0002 and 0.05 ± 0.0004 higher for 
Landrace sows compared to Large White sows for NBA and LSY crossbred EBVs, 
respectively (P < 0.0001; not shown).  Landrace boars had a 0.03 ± 0.002 and 0.04 ± 0.003 
greater ΔA compared to Large White boars for NBA and LSY crossbred EBVs, 
respectively (P < 0.0001; not shown).  Heritabilities estimated for Landrace animals were 
lower than those estimated from Large White data for both NBA and LSY.  Additional 
relative records are of greater value for traits with lower heritabilities (Uimari and Maki-
Tanila, 1992) which may contribute to greater accuracy increases for the Landrace traits 
compared to the Large Whites (h2 = 0.05 and 0.08, respectively). 
Active sows had a greater accuracy increase when their crossbred relative records 
were included in crossbred EBV estimations than sows that had been removed from the 
herd.  Selection accuracy increases were 0.01 ± 0.0002 and 0.02 ± 0.0004 higher for sows 
remaining in the herd than sows that had been removed from the herd for both NBA and 
LSY, respectively (P < 0.0001; not shown). The greater accuracy increase with crossbred 
record inclusion observed in active sows compared to culled sows indicates that crossbred 
records are beneficial for breeding value estimation in active sows that have not had time 
to accumulate the necessary relative records. This selection accuracy increase with 
crossbred records inclusion could lead to improved selection decisions in herds which 
maintain a short generation interval and, subsequently, increased genetic progress in the F1 
generation. 
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Increase in Selection Accuracy – Herd Type 
The crossbred selection accuracy increases for EBVCCPS relative to EBVPLS 
according to herd types are presented in Table 3.4. For both NBA and LSY, ΔA was the 
greatest in purebred sows from the commercial and rotational cross herds. Though ΔA was 
lower in nucleus herds, the difference was minimal. Sows from commercial and rotational 
cross herds are related to crossbred sows more directly than sows from nucleus and 
multiplier farms. Therefore, including F1 data should result in a greater increase in 
accuracy.  
 Increases in NBA and LSY selection accuracies were the lowest and highest for 
purebred sows in the multiplier and commercial herds, respectively.  While sows in the 
multiplier herds are more directly related to F1 sows in commercial and rotational cross 
herds than nucleus herd sows, there was a greater proportion of pedigreed F1 sows within 
the nucleus herd system than within multiplier herds. Provided that all pedigree information 
was given, we would expect the increase in selection accuracy for multiplier herds to be 
greater when crossbred records were added. Commercial herd systems had the greatest 
numbers of directly related F1 and purebred sows due to their mating strategy. This resulted 
in a greater increase in selection accuracy for commercial herd sows when compared to 
rotational cross purebred females; however, the difference in selection accuracy between 
nucleus, commercial, and rotational cross herds when F1 records were included is minimal. 
This result implies that crossbred record inclusion increases selection accuracy in nucleus 
farms where selection decisions have the greatest impact on genetic progress. 
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Increase in Selection Accuracy – Number of Additional Farms 
Crossbred selection accuracy increases for EBVCCPS relative to EBVPLS according 
to the number of additional farms from which crossbred daughter records originated are 
described in Table 3.5. Pearson correlations between number of crossbred daughter records 
and the number of additional farms from which crossbred daughters originated were 0.36 
and 0.38 for boars and sows, respectively (P < 0.0001; not shown). No differences in sow 
NBA selection accuracy increases were observed when crossbred daughters originated 
from the same farms as purebred daughters. For LSY crossbred EBVs, increases in 
selection accuracy were greater for sows with crossbred daughters originating from 3 to 5 
different herds than purebred daughters when compared to sows with crossbred daughters 
from the same herds as their purebred daughters; however, differences were not observed 
when crossbred daughters originated from 6 or more different herds (P < 0.05; Table 5).  
Including crossbred records from different herds had the greatest impact on boar crossbred 
EBV selection accuracies. For both NBA and LSY, selection accuracy was optimized when 
crossbred daughter records were from two or more different farms than purebred daughter 
records (P < 0.05; Table 5).   
Progeny from increased numbers of herds may contribute to increased ΔA by 
reducing common environmental effects. Bijma and Van Arendonk (1998) found that 
including F1 sow records from different litters in BV calculations resulted in an increased 
genetic response because they did not share a common environment. Herds in which F1 
females are housed may be managed differently from nucleus and multiplier herds; thus, 
enabling better estimation of the additive genetic effect when crossbred records are 
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included in breeding value estimation (Lutaaya et al., 2001). The optimal number of 
different farms from which crossbred daughter records originate appears to be two for boars 
because genetic performance is differential between environments (Newman et al., 2002; 
Habier et al., 2007).  
While these effects were observed in boar selection accuracies, differences between 
selection accuracies were minute for sow LSY and NBA crossbred EBVs. When 
information from sow crossbred daughters is included, the ability to properly estimate the 
genotype by environment effect may decrease, due to a decreased number of progeny from 
each additional herd. It is likely that this effect was not observed in boar crossbred EBV 
selection accuracies because more daughter records were available from each additional 
herd.   
Relative Record Number Impacts on Sow Selection Accuracy 
Sow selection accuracy improvement with each additional crossbred relative record 
for NBA and LSY crossbred EBVs are presented in Figure 3.1. Increases in ΔA decreased 
with each additional crossbred daughter record until 91 and 23 crossbred daughter records 
were added and increases in selection accuracy of 0.21 and 0.25 were attained for NBA 
and LSY crossbred EBVs, respectively. Maximum increases in ΔA when crossbred full-
sibling daughter records were included were smaller and achieved with more records.  
When 276 and 66 crossbred full-sibling daughter records were included in crossbred EBV 
estimations, maximum increases of 0.08 and 0.12 in NBA and LSY ΔA were obtained, 
respectively. When crossbred granddaughter records were included in BV estimation, 
increases in ΔA decreased with each additional crossbred granddaughter record until a 
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maximum crossbred EBV selection accuracy increase of 0.23 and 0.38 was attained with 
4,785 and 1,073 crossbred granddaughter records for NBA and LSY, respectively. The 
maximum selection accuracy increase from crossbred half-sibling records was 0.13 and 
0.23 and was obtained with 935 and 381 crossbred records for NBA and LSY crossbred 
EBVs, respectively.  Smaller ΔA increases of 0.12 and 0.18 were obtained with 7,500 and 
1,866 NBA and LSY half-sibling crossbred daughter records, respectively. 
 Increased NBA and LSY selection accuracies from including crossbred daughter 
records in crossbred EBV estimations were greater than those reported in Ehlers et al. 
(2006) in which the mean increase in selection accuracies were 0.087 for NBA EBVs with 
a mean increase of daughter records of 12.7 per sow.  However, the means reported by 
Ehlers et al. (2006) were observed means and not adjusted for the inclusion of other 
crossbred relative records or purebred accuracy, making the comparison difficult.  
Furthermore, the heritabilities estimated in this study were lower than those reported by 
Ehlers et al. (2005) and used by Ehlers et al. (2006).  It is important to note that the selection 
accuracies from the present study were greater for LSY compared to NBA. While LSY 
heritabilities were consistently greater than NBA heritabilities, genetic correlations were 
lower for LSY compared to NBA. Therefore, the effect of each additional crossbred 
daughter record on crossbred selection accuracy was greater for LSY than NBA. This result 
agrees with Wei and van der Werf (1994), who showed that crossbred responses to CCPS 
were greater with lower rpc values. Moreover, a maximum increase in LSY crossbred EBV 
selection accuracy may be attained with fewer crossbred daughters than NBA because only 
one record is available per female. 
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 Results from the present work indicate that when crossbred daughter records are 
included in crossbred EBV estimation, sow NBA and LSY selection accuracy 
improvements reach a plateau with approximately 91 and 23 crossbred daughter records, 
respectively. However, obtaining a large number of daughter records prior to sow selection 
may not be biologically feasible without extending the generation interval. Because the 
increase in accuracy begins to plateau at approximately 40 NBA and 20 LSY crossbred 
daughter records, companies may find it advantageous to invest the resources necessary to 
obtain these records. Including crossbred daughter records in BV estimation would also 
result in an increased number of relative records for sows within the system.  While the 
present study indicates that selection accuracy increases when crossbred half-sister records 
are included is minimal, these records can be obtained early in a sow’s life or even before 
she enters the breeding herd and could contribute to a shortened generation interval.   
The greatest increases in crossbred EBV selection accuracy were obtained with a 
large number of crossbred granddaughter records. Including these records in order to 
improve the selection accuracy of estimated breeding values prior to culling nucleus herd 
sows may not be feasible due to the time necessary to obtain them. Therefore, breeding 
companies may choose to invest the resources necessary to collect crossbred half-sister 
records. Utilizing crossbred records in a selection scheme has the advantage of increased 
performance at the crossbred level, because the genetic correlation between crossbred and 
purebred performance is <1 (Wei and van der Werf, 1994). However, it is important for 
breeding companies to recognize that the potential increase in accuracy may require a 
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lengthened generation interval, which could decrease genetic response over several 
generations.   
Relative Record Number Impacts on Boar Selection Accuracy 
Boar EBVCCPS selection accuracy improvements with each additional crossbred 
relative record for NBA and LSY are presented in Figure 3.2. When crossbred daughter 
records were included, maximum increases in selection accuracies of 0.53 and 0.67 were 
obtained with 6,958 and 1,665 NBA and LSY records, respectively. Smaller maximum 
crossbred EBV selection accuracy improvements of 0.31 and 0.41 were obtained when 
5,935 and 1,347 NBA and LSY crossbred granddaughter records were included, 
respectively. While maximum crossbred EBV selection accuracy improvements with the 
inclusion of crossbred daughter records were larger than when crossbred granddaughter 
records were included, they also required more records. Crossbred half-sibling, and full- 
and half-sibling progeny crossbred records were not a source of variation in ΔA. 
Results indicate that boar selection accuracy reaches a pleateau with approximately 
7,000 and 1,600 crossbred daughter records for NBA and LSY, respectively.  Increasing 
selection accuracy in boars has a greater impact on genetic progress than it does in sows 
due to increased progeny numbers.  However, obtaining such a large number of records 
could require an extensive amount of time and resources.  Because the crossbred EBV 
selection accuracy improvement begins to plateau at approximately 3,300 NBA and 1,300 
LSY crossbred daughter records for sows and boars, seedstock companies may find it 
advantageous to invest the resources necessary to obtain these records.  While including 
crossbred granddaughter records in BV estimation increased selection accuracy, the 
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increase was smaller than that obtained from crossbred daughter records and requires an 
extra generation (Mulder and Bijma, 2005). Therefore, investing in crossbred daughter 
records would be more advantageous and may also result in an increased number of relative 
records for other boars and sows. 
Conclusions 
Records from crossbred females with pedigree information have the potential to 
increase the accuracy of their purebred relatives’ EBVs for reproductive performance. 
Mean selection accuracy increases were greater for purebred sows within commercial and 
rotational cross systems than purebred sows in nucleus and multiplier herds. Selection 
accuracy increases were greatest when crossbred daughter records originated from two 
different farms than purebred daughter records originated from. Selection accuracy 
increases were greater for Landrace animals compared to Large White animals. Adding 
crossbred relative records improved selection accuracies; however, selection accuracy 
increases were the highest in boars. Including pedigreed crossbred records in breeding 
value estimations for purebred animals has the potential to change selection decisions and 
increase genetic gain at the commercial level. More work is necessary to determine the 
impact of crossbred record inclusion in BV estimation on selection decisions. 
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Table 3.1.  Breed by herd type piglet number born alive (NBA) and litters per sow per year (LSY) record numbers, means, and 
percentage of records without pedigree information used in a study to estimate selection accuracy increases from crossbred record 
inclusion in EBV estimation. 
      NBA   LSY 
Breed1 Herd 
Categorization   
Number 
of 
records 
Mean 
Records 
without 
pedigree (%) 
  
Number 
of 
records 
Mean 
Records 
without 
pedigree (%) 
Landrace Nucleus   120841 11.9 8.8   28,809 2.4 7.2 
  Multiplier   52455 11.4 33.0   12,294 2.4 33.9 
  Commercial2   13320 12.0 17.5   2,618 2.4 9.7 
  Rotational cross2   296 13.0 11.1   93 2.5 6.5 
                    
Large 
White Nucleus   99877 12.2 9.2   20,095 2.4 3.3 
  Multiplier   421 12.0 38.0   73 2.5 53.4 
  Commercial2   13696 12.0 12.7   1,833 2.4 0.0 
  Rotational cross2   3276 12.5 21.8   811 2.5 17.1 
                    
Large 
White × 
Landrace Nucleus   5212 12.3 54.1   2,177 2.4 47.0 
  Multiplier   28330 11.8 99.1   6,619 2.5 99.0 
  Commercial2   146682 12.3 79.2   35,205 2.4 18.8 
  Rotational cross2   36258 12.6 33.3   8,045 2.4 27.5 
1Reproductive records were recorded over a 24-year span from a large swine breeding company.  
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Table 3.1. Continued. 
2Commercial=herds which generate their own LR/LW sows; rotational cross=herds which breed LR/LW composite sows to LR and LW boars in a rotational 
system 
 
 
 
  
5
5
 
Table 3.2. Variance components, heritabilities, and genetic correlations between purebreds and crossbreds (rpc) used in a study to 
estimate selection accuracy increases from crossbred record inclusion in EBV estimation.1 
      Variance components   
Heritability rpc 
Breed Trait2 
  Additive 
genetic 
Permanent 
environment 
Mate Residual 
  
    
Landrace            
  NBA3   0.37 0.54 0.40 6.81  0.05 0.78 
  LSY3   0.003 - - 0.03  0.08 0.62 
Large 
White     
       
  NBA3   0.69 1.00 0.05 7.54  0.08 0.85 
  LSY3   0.006 - - 0.03  0.17 0.69 
Large 
White × 
Landrace     
      
  NBA3   0.61 1.14 0.02 7.15  0.07 - 
 LSY3  0.006 - - 0.06  0.09 - 
1Reproductive records were recorded over a 24-year span from a large swine breeding company. 
2Variances and covariances were estimated in REMLF90 using a bivariate model with a purebred and crossbred trait. The data included a random sample of 
five, five, and ten thousand pedigreed Landrace, Large White, and Large White × Landrace records. The model for NBA included fixed effects of sow 
contemporary group (herd, year, and month) and parity, and random additive genetic and permanent environmental effects. The LSY model included the herd, 
year, and season (3-month period) of the sow’s last farrowing and an additive genetic effect. 
3NBA, number born alive; LSY, litters per sow per year. 
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Table 3.3. Selection accuracies and their increases (mean ± SD) for piglet number born 
alive (NBA) and litters per sow per year (LSY) crossbred EBV in a study to estimate 
selection accuracy increases from crossbred record inclusion in EBV estimation.1 
    EBVPLS3 
accuracy 
  EBVCCPS3 
accuracy 
  Increase in 
accuracy         
Sex2 Trait Mean SD   Mean SD   Mean SD 
Female                   
  NBA 0.45 0.09  0.50 0.11  0.04 0.05 
  LSY 0.31 0.08  0.40 0.12  0.08 0.08 
Male           
  NBA 0.56 0.13  0.62 0.16  0.06 0.07 
  LSY 0.41 0.12  0.52 0.16  0.10 0.10 
1Reproductive records were recorded over a 24-year span from a large swine breeding company. 
2Crossbred EBV were calculated in BLUPF90 using a bivariate model with a purebred and crossbred trait. 
The model for NBA included fixed effects of sow contemporary group (herd, year, and month) and parity, 
and random additive genetic and permanent environmental effects. The LSY model included the herd, year, 
and season (3-month period) of the sow’s last farrowing and an additive genetic effect. 
3EBVPLS, crossbred estimated breeding value calculated with purebred information only; EBVCCPS, crossbred 
estimated breeding value calculated with purebred and crossbred information included as separate correlated 
traits 
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Table 3.4.  Selection accuracy increases from crossbred record inclusion in number born 
alive and litters per sow per year crossbred EBV estimation according to herd type from a 
study which estimated selection accuracy increases from crossbred record inclusion in 
EBV estimation. 
    
Number born 
alive1   
Litters per sow 
per year1 
 Herd 
categorization2   
LSM SE   LSM SE 
Nucleus   0.05c 0.002  0.11c 0.003 
Multiplier   0.02d 0.002  0.05d 0.003 
Commercial3   0.07a 0.002  0.13a 0.003 
Rotational 
cross3 
  
0.06b 0.002  0.11b 0.003 
1The model for ΔA included herd categorization, ownership types, sow breed and removal status, and change 
in the number of farms that records originated from as fixed effects. The squared effects of change in the 
number of daughter, granddaughter, half sib, and full and half sib progeny records were included as 
covariates. 
2Reproductive records were recorded over a 24-year span from a large swine breeding company.  
3Commercial=herds which generate their own LR/LW sows; rotational cross=herds which breed 
Landrace/Large White composite sows to Landrace and Large White boars in a rotational system. 
a,bWithin column differences (P < 0.05) 
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Table 3.5.  Selection accuracy increases for number born alive (NBA) and litters per sow 
per year (LSY) crossbred EBV according to the number of additional farms from which 
crossbred records originated in a study which estimated selection accuracy increases from 
crossbred record inclusion in EBV estimation.1 
    NBA   LSY 
  Farms LSM SE   LSM SE 
Sows             
  0 0.05
a 0.0003  0.08c 0.001 
  1 0.04
b 0.001  0.09b,c 0.003 
  2 0.04
b 0.002  0.09a,b,c 0.003 
  3 0.05
a,b 0.002  0.10a,b 0.004 
  4 0.05
a 0.003  0.11a 0.005 
  5 0.05
a 0.003  0.11a,b 0.005 
  6 0.05
a,b 0.005  0.10a,b,c 0.009 
  7 0.07
a,b 0.010  0.12a,b,c 0.017 
Boars       
  0 0.05
d 0.001  0.09c 0.002 
  1 0.09
c 0.004  0.14b 0.005 
  2 0.17
b 0.006  0.23a 0.008 
  3 0.19
a,b 0.008  0.26a 0.011 
  4 0.17
a,b 0.016  0.24a 0.021 
  5 0.22
a 0.014  0.27a 0.019 
  6 0.20
a,b 0.017  0.27a 0.024 
  7 0.23
a,b 0.025  0.26a 0.035 
  8 0.22
a,b 0.026  0.23a,b 0.036 
1The model for sow change in accuracy included herd categorization, ownership type, sow breed and removal 
status, and change in the number of farms that records originated from as fixed effects. The squared effects 
of change in the number of daughter, granddaughter, half sib, and full and half sib progeny records were 
included as covariates. The model for boar change in accuracy included boar breed and change in the number 
of farms that records originated from as fixed effects. The squared effects of change in the number of daughter 
and granddaughter records were included as covariates. 
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Table 3.5. Continued. 
2Reproductive records were recorded over a 24-year span from a large swine breeding company.  
a,bWithin column statistical differences between number of additional farms; P < 0.05 
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Figure 3.1.  Sow selection accuracy increases when crossbred records were included in 
number born alive (NBA) and litters per sow per year (LSY) crossbred EBV estimation 
according to the number of related crossbred records included in the estimation  
1The model for sow selection accuracy increase included herd categorization, ownership type, sow breed and 
removal status, and change in the number of farms that records originated from as fixed effects. The squared 
effects of change in the number of daughter, granddaughter, half-sib, and full- and half-sib progeny records 
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Figure 3.1. Continued. 
were included as covariates. 
2Reproductive records were recorded over a span of 24 years from a large swine breeding company 
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Figure 3.2.  Sire selection accuracy increase when crossbred records were included in 
piglet number born alive (NBA) and litters per sow per year (LSY) crossbred EBV 
estimations according to the number of relative records included in the estimation 
1The model for boar increases in selection accuracy included boar breed and change in the number of farms 
that records originated from as fixed effects. The squared effects of crossbred daughter and granddaughter 
records were included as covariates. 
2Reproductive records were recorded over a 24-year span from a large swine breeding company.  
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CHAPTER 4: IMPACT OF INCLUDING RELATIVE CROSSBRED RECORDS 
IN SWINE EBV CALCULATIONS ON PUREBRED SELECTION DECISIONS 
Prepared for submission to Journal of Animal Science 
D.L. Van De Stroet,a J.A. Calderón Díaz,a,b P.M. Dixon,a J.W. Mabry,a K.J. Staldera 
aDepartment of Animal Science, Iowa State University, Ames, Iowa 50011, USA 
bDepartment of Animal Behaviour, Institute of Genetics and Animal Breeding of the 
Polish Academy of Sciences, ul. Postepu 36A, Jastrzębiec, 05-552 Magdalenka, Poland 
Abstract 
Spearman rank correlations and selection decisions changes when EBVs were 
estimated using only purebred information versus combined crossbred and purebred 
information were calculated in a pyramidal pig breeding scheme for number born alive 
(NBA) and litters per sow per year (LSY). Data were obtained from a pig breeding 
company that maintains a dataset with defined nucleus, multiplier, commercial, and 
rotational cross herds. The dataset included 187,674 litters from 46,749 Landrace (LR) 
sows, 117,782 litters from 31,665 Large White (LW) sows and 295,163 litters from 76,925 
LR × LW F1 sows.  Purebred contemporary groups from the most recent six months of herd 
records were defined according to herd weaning schedule and sow weaning date. Crossbred 
EBV estimated using purebred information only (PLS) versus combined crossbred and 
purebred information (CCPS) were calculated for LR and LW breeding animals using 
bivariate models. Purebred sows were ranked separately according to PLS and CCPS EBVs 
within their contemporary groups. Spearman rank correlations and selection decision 
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differences when crossbred records were included in EBV estimation were calculated for 
each contemporary group. Spearman rank correlations and selection decision changes were 
calculated separately for active boars and a multiplier herd (HP) with seven commercial 
herds which contained F1 progeny with > 98% pedigree information. Contemporary group 
NBA and LSY BV Spearman rank correlations and percent change in selection decisions 
were evaluated using mixed model equations. Spearman rank correlations were greatest for 
nucleus herd contemporary groups and lowest for commercial and rotational cross herds. 
The percent change in selection decisions when crossbred records were included in NBA 
BV estimation was lowest for contemporary groups from nucleus herd; however, no 
differences in the percent change in selection decisions was observed between herd types 
with crossbred LSY EBVs. Changes in selection decisions when crossbred records were 
included in EBV estimation were observed in active boars. The percent change in selection 
decisions with crossbred record inclusion in EBV estimation in the HP herd was similar to 
that observed in rotational cross herds. Including pedigreed crossbred records in EBV 
calculations could result in selection decision changes in purebred breeding animals. When 
applied in a pyramidal pig breeding system, genetic progress in crossbred sows could 
improve. 
Keywords: crossbreds, litters per sow per year, number born alive, purebreds, selection, 
swine 
Introduction 
 Improved crossbred performance in commercial herds is the breeding objective for 
breeding programs that use heterosis to optimize performance at the commercial level 
65 
 
(Brandt and Taubert, 1998). This can be accomplished through combined crossbred and 
purebred selection (CCPS) which differs from pure line selection (PLS) because crossbred 
information is included as a separate correlated trait (Wei, 1992). Including crossbred data 
in breeding value (BV) estimations for purebreds increases BV prediction accuracy (Ehlers 
et al., 2006; Chapter 3) because purebred performance can be a poor indicator of crossbred 
progeny performance (Dekkers, 2007). The impact of including crossbred data on 
prediction accuracy on subsequent genetic progress varies according to the crossbred data 
inclusion method, trait heritability, genetic correlations between purebreds and crossbreds 
(rpc), heterosis, dominance, and the genetic by environment interactions (G × E; Brascamp 
et al., 1985; Wei and van der Werf, 1994; Lutaaya et al., 2002; Wallenbeck et al., 2009).  
In CCPS methodology, crossbred records are included in BV estimations as a 
separate correlated trait with different heritabilities from purebred information due to 
evidence that rpc is less than one (Wei et al., 1991; Bijma and Van Arendonk, 1998; Bosch 
et al., 2000). However, some breeding systems may choose to include available crossbred 
records in BV estimations as the same trait as purebred records due to limited resources 
(Wei and van der Werf, 1994).  Re-ranking in CCPS EBV has occurred for terminal 
(McLaren et al., 1985; Lutaaya et al., 2002; Ibáñez-Escriche et al., 2011) and reproductive 
traits (Bosch et al., 2000; Ehlers et al., 2006). This study’s objectives were to evaluate 
Spearman rank correlations and the difference in selection decisions that occurs when 
piglet number born alive (NBA) and litters per sow per year (LSY) BV are estimated using 
CCPS methodology. 
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Materials and Methods 
Data 
Sow number born alive and LSY records from November of 1992 to February 2016 
were obtained from a large swine breeding company. Records included year and month of 
farrowing, farm, sow breed, individual identification, mate, sow parity, NBA, service type, 
wean-to-estrus interval, litter weight, LSY, farrowing and weaning date, sire and dam 
identification, sow status, and lactation length. The company structure included defined 
nucleus, multiplier, commercial, and rotational cross herds.  Nucleus and multiplier herds 
contained purebred LR and LW females. Nucleus herd sows were mated to purebred sires 
to produce purebred sires and dams for nucleus and multiplier herds. Females from 
multiplier farms produced F1 (LR × LW or LW × LR) daughters for commercial farms.  
Rotational cross herds generated their own females by breeding F1 females to alternate 
purebred males. The dataset consisted of 187,674 litters from 46,749 LR sows, 117,782 
litters from 31,665 LW sows and 295,163 litters from 76,925 F1 sows for a total of 600,619 
NBA and 155,339 LSY records from 155,339 sows (Chapter 3). 
Records with NBA < 3 and > 25 (Ehlers et al. 2005), no farrowing date, or parity > 
20 were considered incorrect and were deleted. The maximum number of observations on 
LSY per female was one. Litters per sow per year was calculated using the following 
formula: 
∑     &∑  8    & ∗       (Abell et al., 2012). 
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Litters per sow per year values of > 2.59 were truncated at 2.59 (Abell et al., 2013). 
Likewise, LSY values of < 1 were set to 0.  Number born alive and LSY crossbred EBVs 
were calculated for purebred animals using purebred records only and purebred and 
crossbred records using the BLUPF90 program (Misztal et al., 2002). 
Purebred sow contemporary groups from the most recent six months of data were 
obtained for each herd and breed according to the farm weaning schedule and sow weaning 
date.  If the number of sows weaned for each farm contemporary group was consistently 
less than 10, the farm contemporary group period was extended by a week, with a four-
week maximum.  Contemporary groups with fewer than 10 sows were deleted.  Spearman 
rank correlations between BV rankings for BVs estimated using purebred information only 
and combined crossbred and purebred information BVs were calculated for each 
contemporary group. Sows in the top 25% of each contemporary group were considered 
selection candidates to generate purebred replacement females. Differences in selection 
candidates when BVs were calculated using purebred information only versus combined 
purebred and crossbred information were calculated for each contemporary group.  
Statistical Analysis 
Separate NBA and LSY EBVs were calculated on 76,737 purebred sows and 1,986 
purebred boars from purebred information only and combined crossbred and purebred 
information using the BLUPF90 program family (Misztal et al., 2002).  Landrace, LW and 
F1 production were considered separate, but correlated, traits.  Heritabilities and genetic 
correlations were estimated separately for LR, LW, and F1 females as described in Chapter 
3 and are listed in Table 4.1.  The model for NBA EBVs consisted of the following: 
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0:8 =  ; + cg + parity0 + animal: + service sirel + pe + 0:8 
where cg is the fixed effect of the ith contemporary group (herd × month × year of 
farrowing), parity0  is the fixed effect of the jth parity, animal: is the random effect of the 
kth sow, service sirel is the random effect of the l
th service sire, pe is the permanent 
environmental effect of the mth sow, and 0:8 is the random effect of the ijklmnth error.  
The model for LSY EBVs consisted of the following:  
0: =  ; + cg + animal0 + 0: 
where cg is the fixed effect of the ith contemporary group, animal0  is the random effect of 
the jth sow, and 0: is the random effect of the ijkth error. Contemporary group was 
calculated as the herd, year, and season (3-month period) in which the sow’s last farrowing 
occurred (Abell et al., 2013). 
Spearman rank correlations between number born alive and LSY EBV 
contemporary group were adjusted using a Fisher’s Z-transformation (Fisher, 1915) and 
evaluated using mixed model equations in SAS (PROC MIXED SAS v9.4; SAS Inst. Inc., 
Cary, NC).  The model included fixed effects of sow breed, and herd categorization and 
ownership type; the percentage of missing purebred pedigree information as a linear 
covariate; and herd as a random effect.  The same model was used to evaluate differences 
in selection decisions as a percentage of selection candidates from each contemporary 
group. Models were selected using backward selection. Only effects with a P < 0.05 
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remained in the model except herd ownership type, which was included in the model 
irrespective of its P-value to evaluate differences between company and client owned 
herds.  For fixed effects that were significant sources of variation, levels were separated 
with the PDIFF option and multiple comparisons were accounted for using a Tukey-
Kramer adjustment. Spearman rank correlations and changes in selection decisions were 
calculated for 135 active boars used for artificial insemination. 
Due to the relatively low percentage of pedigreed F1 records available, 
contemporary group EBV Spearman rank correlations and percent change in different 
contemporary group selection decisions made when crossbred information was included 
were calculated for a multiplier herd (HP) which has seven associated commercial herds 
with F1 daughters. Pedigree information was available on > 98% of F1 daughter records, 
enabling us to estimate the effect of F1 progeny data with nearly complete pedigree 
information on multiplier herd selection decisions. 
Results 
Mean NBA and LSY BVs, Spearman rank correlations, the difference in selection 
decisions with CCPS methodology, and the percent CCPS selected individuals which were 
different from PLS selected individuals are described by herd categorization in Table 4.2.  
Mean increases in crossbred breeding values for selected individuals are also presented in 
Table 4.2.  Between sow herd categorization types, the percent selected individuals which 
were different with CCPS methodology was the greatest in rotational cross herds for NBA 
and for LSY.  However, differences in purebred selection decisions when crossbred 
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information was included in BV estimation were observed in purebred sows from nucleus 
herds and in boars.  
 Herd categorization Spearman rank correlations and percent change in selection 
decisions made when crossbred information was included in BV estimations (LSM ± SE) 
are reported in Table 4.3.  Number born alive contemporary group Spearman rank 
correlations were 0.06 ± 0.02 and 0.18 ± 0.06 greater for nucleus herd contemporary groups 
than commercial and rotational cross contemporary groups, respectively (P < 0.05; Table 
4.3).  The percent change in different selection decisions made when crossbred information 
was included in NBA BV estimation was 8.8 ± 2.9 and 26.6 ± 7.5 lower for nucleus 
contemporary groups compared to commercial and rotational cross contemporary groups, 
respectively (P < 0.05; Table 4.3).  Similarly, LSY contemporary group Spearman rank 
correlations were 0.19 ± 0.05 lower for nucleus contemporary groups compared to 
commercial purebred contemporary groups (P < 0.05; Table 4.3). A tendency was observed 
for nucleus herd contemporary groups to have 27% lower selection decision differences 
compared to rotational cross herd contemporary groups when crossbred information was 
included in LSY BV estimation (P = 0.06). No differences between herd types were 
observed in the percent change in contemporary group selection decisions when crossbred 
information was included in LSY BV estimation (P < 0.05; Table 4.3). 
 Differences in contemporary group Spearman rank correlations and the percent 
change in selection decisions when crossbred information was included in EBV estimation 
were observed between LR and LW females.  Large White contemporary group Spearman 
rank correlations were 0.03 ± 0.01 higher than LR contemporary group Spearman rank 
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correlations for NBA EBVs (P < 0.05; Table 4.4).  However, LSY EBV contemporary 
group Spearman rank correlations were 0.10 ± 0.02 lower for LW females than LR females 
(P < 0.05; Table 4.4). Percent change in selection decisions made when crossbred 
information was included in EBV estimation were 0.06 ± 0.01 and 0.04 ± 0.02 greater for 
LR females compared to LW females for NBA and LSY, respectively (P < 0.05; Table 
4.4).   
Discussion 
Including pedigreed crossbred records in BV estimations changed HP herd 
selection decisions by 42 and 47% for NBA and LSY, respectively. These changes resulted 
in a 0.13 and 0.04 increase in NBA and LSY crossbred EBVs for selected purebred sows, 
respectively.  Improving LSY by 0.1 could decrease non-productive days by 11 days and 
improve the number of weaned pigs per sow per year by almost one pig (Abell et al., 2012).  
Improved crossbred EBVs in selected sows suggest that a 0.02 improvement in LSY and a 
2.2 reduction in non-productive days per F1 daughter could result from including crossbred 
records in breeding value estimations.  Given a weaned pig price of $43 per pig (ISU 
Extension, 2016) and non-productive days cost of $2.00 per day (Rix and Ketchem, 2009; 
Abell et al., 2012), including crossbred records in breeding value estimations could result 
in 2.2 fewer non-productive days and $4.40 reduced costs, as well as a 0.2 increase in pigs 
weaned and a $8.60 increase in income per year for each F1 sow.  Provided that improving 
NBA does not result in increased pre-weaning mortality, improvements in sow crossbred 
breeding values could result in an additional 0.065 piglets born alive per F1 sow.  Given an 
average pre-weaning mortality rate of 15% (Stalder, 2014), pigs weaned per litter could 
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improve by 0.055 for each F1 sow when crossbred information is included in purebred BV 
estimation. At $43 per weaned pig and 2.30 LSY (Stalder, 2014), an additional $5.40 
revenue for each F1 sow could result.   
 Spearman rank correlations were consistently less than one for both NBA and LSY 
breeding values, demonstrating that including crossbred information results in re-ranking 
of breeding values in all herd types.  Breeding value re-ranking in purebreds has been 
previously observed in both production and reproductive traits when crossbreed 
information was included in its estimation. McLaren et al. (1985) calculated Spearman rank 
correlations between 0.19 and 0.84 for production traits including weaning weight, average 
daily gain, and backfat thickness between breeding values calculated using purebred 
information only and combined purebred and crossbred information.  The Spearman rank 
correlations for NBA in purebred boars and sows observed in this study were slightly 
greater than those reported by Ehlers et al. (2006), who reported Spearman rank 
correlations of 0.81 and 0.86 for sows and boars, respectively.  However, the NBA 
Spearman rank correlations from the HP herd were lower than those observed by Ehlers et 
al. (2006), indicating that the higher rank correlations observed in this study may be due to 
reduced F1 pedigree information.  To our knowledge, no previous work has evaluated the 
effect of including crossbred records on LSY breeding values.  However, Spearman rank 
correlations reported by Ehlers et al. (2006) for wean to estrus interval, which is a 
component of LSY, are similar to those observed for LSY in the present study.  It should 
also be noted that when full pedigree information is available for F1 sows, there is greater 
potential for re-ranking to occur in purebred sows.  
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 Changes in selection decisions were observed in all herd types.  However, 
improvements in selection decisions have the most impact on genetic progress when made 
at in the AI stud or nucleus herd.  While the percent change in selection decisions was 
greater in commercial and rotational cross herds than the nucleus herd when selection was 
based on NBA, improvements in selection decisions at the nucleus herd level have the 
potential to impact genetic progress in more generations of F1 daughters than decisions in 
commercial or rotational cross herds due to genetic dissemination practices.  Furthermore, 
one boar used for artificial insemination could produce thousands of daughters; therefore, 
improvements in selection decisions at the boar stud level could result in exponential 
improvements in crossbred genetic progress.  The percent change in selection decisions 
when crossbred information is included in NBA breeding value estimation is greater than 
observed by Bosch et al. (2000), who reported differences in selected sires of 12, 9, and 
7% when replacement rates were 10, 30, and 50%, respectively.  The greater change in 
selection decisions observed in this study could be due to higher improvements in selection 
accuracy with crossbred record inclusion (Chapter 3).  
 Spearman rank correlations and the percent change in selection decisions in the HP 
herd were similar to those observed in the rotational cross herds. This indicates that 
crossbred information with complete pedigrees could have resulted in greater impacts on 
breeding value estimation than observed in the present study. Due to the increased number 
of pedigreed crossbred progeny records available for HP herd BV estimation compared to 
the other herds in this study, the potential exists for changes in selection decisions to be 
greater in all herd types with complete crossbred pedigree information than those observed 
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in this study.  While recording crossbred information is beneficial, its value in estimating 
BVs for purebred sows is limited if no pedigree information is available.  
Obtaining accurate crossbred records and incorporating them into breeding value 
estimations can be difficult.  Crossbreds are typically housed in different herds from 
purebred sows, which may not be owned by the breeding company (Standal, 1977; Mulder 
and Bijma, 2005).  Therefore, ensuring that records are accurate, even for traits that are 
recorded easily, may require extra capital.  For crossbred records to have value in breeding 
value estimation in purebred sows, accurate crossbred pedigree information must also be 
available which is further complicated by pooled semen use.  Genetic parameters should 
be calculated separately for purebreds and crossbreds (Wei et al., 1991; Baumung et al., 
1997; Ibáñez-Escriche et al., 2011); however, this may require additional computational 
time and resources (Wei and van der Werf, 1994).  Selection on combined crossbred and 
purebred performance may increase inbreeding if not controlled; however, improved 
genetic progress with crossbred record inclusion is still possible and is greatest for lower 
genetic correlations between purebreds and crossbreds (Bijma and Van Arendonk, 1998; 
Bijma et al., 2001). 
Conclusions 
Including crossbred records in purebred breeding value estimations can result in 
ranking and selection decision changes in all herd types.  The most re-ranking was observed 
in herds with direct crossbred progeny; however, pedigreed crossbred records still 
impacted selection decisions in active sows from nucleus herds.  Changes in selection 
decisions in boars used for artificial insemination suggest the potential impact that 
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including crossbred records could have on genetic progress in crossbred progeny over 
multiple generations.  Obtaining accurate pedigreed crossbred records can be costly; 
however, the rank correlations and changes in selection decisions observed in this study 
show the potential impact that full crossbred pedigree information could have on 
subsequent genetic progress. 
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Table 4.1. Heritability estimates (on diagonal) for number born alive (NBA) and litters per 
sow per year (LSY) and genetic correlations used for breeding value estimation by breed 
from a study to estimate selection decision changes from crossbred record inclusion in 
EBV estimation.1 
    NBA   LSY 
Breed2   Landrace Large White F13   Landrace Large White F13 
Landrace   0.05 0 0.78   0.08 0 0.62 
Large White   - 0.08 0.85   - 0.17 0.67 
F13   - - 0.07   - - 0.09 
1Heritabilities and genetic correlations were estimated in REMLF90 using a bivariate model with a purebred 
and crossbred trait. The data included a random sample of five, five, and ten thousand pedigreed Landrace, 
Large White, and Large White × Landrace records. The model for NBA included fixed effects of sow 
contemporary group (herd, year, and month) and parity, and random additive genetic and permanent 
environmental effects. The LSY model included the herd, year, and season (3-month period) of the sow’s 
last farrowing and an additive genetic effect. 
2Reproductive records were recorded over a 24-year span from a large swine breeding company. 
3F1 = Large White × Landrace crossbred 
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Table 4.2. Mean EBVs, Spearman rank correlations, selection decisions, percent change in selection decisions, and crossbred EBV 
increase for selected individuals between EBVs estimated using purebred information only (PLS) and combined crossbred and 
purebred information (CCPS) from a study to estimate selection decision changes from crossbred record inclusion in EBV 
estimation.  
Trait1 
Herd 
Categorization2 
  
PLS 
EBV 
CCPS 
EBV 
Correlations 
Selection 
decisions 
Selection 
decision 
change (%) 
Crossbred 
EBV 
increase 
NBA3                 
  Nucleus   0.43 0.34 0.87 1.41 23 0.04 
  Multiplier   0.36 0.38 0.86 2.49 26 0.06 
  Commercial   0.41 0.28 0.82 1.49 28 0.06 
  
Rotational 
cross   0.66 0.66 0.76 2.70 38 0.12 
  HP   0.38 0.38 0.63 4.40 42 0.13 
  Boars   0.56 0.36 0.92 7.00 21 0.04 
                  
LSY3                 
  Nucleus   -0.07 -0.12 0.77 1.80 30 0.01 
  Multiplier   -0.05 -0.06 0.86 2.72 29 0.01 
  Commercial   -0.08 -0.14 0.61 2.12 40 0.02 
  
Rotational 
cross   -0.06 -0.13 0.51 4.40 61 0.02 
  HP   -0.07 -0.13 0.45 4.90 47 0.04 
  Boars   -0.18 -0.26 0.77 10.00 29 0.04 
1Reproductive records were recorded over a 24-year span from a large swine breeding company. 
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Table 4.2. Continued. 
2Commercial=herds which generate their own LR/LW sows; rotational cross = herds which breed LR/LW composite sows to LR and LW boars rotationally; 
HP = multiplier herd with seven commercial herds which house crossbred progeny with > 98% pedigree information; boars=active boars used for artificial 
insemination 
3NBA=number born alive; LSY=litters per sow per year 
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Table 4.3. Sow contemporary group Spearman rank correlations and percent change in 
selection decisions between crossbred EBVs calculated using purebred information only 
and combined purebred and crossbred information by herd categorization from a study to 
estimate selection decision changes from crossbred record inclusion in EBV estimation. 
      
Spearman rank 
correlation3   
Selection decisions 
(%)3 
Trait1 
Herd 
categorization2   
LSM SE   LSM SE 
NBA4               
  Nucleus   0.93b 0.07   17b 1.9 
  Multiplier   0.87a,b 0.19   24a,b 5.2 
  Commercial5   0.87a 0.11   26a 3.2 
  
Rotational 
cross5   0.75a 0.25   44a 7.6 
LSY4               
  Nucleus   0.86b 0.09   25a 2.9 
  Multiplier   0.79a,b 0.23   33a 7.6 
  Commercial5   0.67b 0.14   34a 4.7 
  
Rotational 
cross5   0.70a,b 0.30   52a 10.9 
1Reproductive records were recorded over a 24-year span from a large swine breeding company.  
2Contemporary groups were obtained from the most recent six months of herd records and defined according 
to herd weaning schedule and sow breed and weaning date. Contemporary groups with less than ten sows 
were deleted. 
3The model for evaluating Spearman rank correlations and the percent change in selection decisions included 
fixed effects of sow breed, and herd categorization and ownership type; the percent missing purebred 
pedigree information as a covariate; and herd as a random effect. 
4NBA=number born alive; LSY=litters per sow per year 
5Commercial=herds which generate their own LR/LW sows; rotational cross=herds which breed LR/LW 
composite sows to LR and LW boars on a rotational basis  
a,bWithin column and trait statistical differences for herd categorization; P < 0.05 
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Table 4.4 Sow contemporary group Spearman rank correlations and percent change in 
selection decisions between crossbred EBVs calculated using purebred information only and 
combined purebred and crossbred information by breed from a study to estimate selection 
decision changes from crossbred record inclusion in EBV estimation. 
      
Spearman rank 
correlation3   
Selection decisions 
(%)3 
Trait1 Breed2   LSM SE   LSM SE 
NBA4               
  Landrace   0.85
a 0.10  31a 2.9 
  Large White   0.88
b 0.10  25b 2.8 
LSY4          
  Landrace   0.81
b 0.13  38a 4.1 
  Large White   0.71
a 0.13  34b 4.1 
1Reproductive records were recorded over a 24-year span from a large swine breeding company.  
2Contemporary groups were obtained from the most recent six months of herd records and defined according to 
herd weaning schedule and sow breed and weaning date. Contemporary groups with less than ten sows were 
deleted. 
3The model for evaluating Spearman rank correlations and the percent change in selection decisions included 
fixed effects of sow breed, and herd categorization and ownership type; the percent missing purebred pedigree 
information as a covariate; and herd as a random effect. 
4NBA=number born alive; LSY=litters per sow per year 
a,bWithin column and trait statistical differences for herd categorization; P < 0.05 
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CHAPTER 5: GENERAL DISCUSSION AND CONCLUSIONS 
 The swine industry uses crossbreeding to maximize hybrid vigor at the commercial 
level. However, most selection decisions occur among purebred animals. Purebred 
performance can be a poor predictor of crossbred performance due to environmental factors 
and other effects (Dekkers, 2007). Combined crossbred and purebred selection has been 
suggested to address this problem (Wei, 1992); however, including pedigreed crossbred 
records in breeding value estimations as a correlated trait may be difficult due to time and 
resource requirements (Wei and van der Werf, 1994). It is possible to select for crossbred 
performance using genome-enabled selection with a purebred reference population 
(Esfandyari et al., 2015); however, start-up costs for genomic selection can be high, especially 
for small breeding companies (Abell et al., 2014). Understanding the value of crossbred record 
inclusion in breeding value estimation is pertinent for the appropriate allocation of resources 
in swine breeding companies. 
The goal of this project was to evaluate the impact of including crossbred reproductive 
records in crossbred breeding value estimations on estimated breeding value (EBV) selection 
accuracy and its potential effect on selection decisions within various herd types. Traits 
evaluated included piglet number born alive (NBA) and litters per sow per year (LSY). Chapter 
3 describes variance component estimation and increases in crossbred EBV selection accuracy 
when crossbred records were included as a separate correlated trait to purebred records. 
Subsequent re-ranking and the extent of selection decision differences realized when crossbred 
records were included in EBV estimation are described in Chapter 4.  
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Increases in EBV selection accuracy and re-ranking of individuals were observed for 
purebred sows at all production levels. Maximum selection accuracy increases were achieved 
with thousands of crossbred granddaughter records. However, obtaining those records is not 
feasible within a sow’s lifetime. Moreover, selection and breeding decisions occur early in a 
sow’s life. Therefore, breeding companies may choose to allocate resources towards obtaining 
crossbred half-sibling records as they can be available prior to selection. The potential to 
include crossbred daughter records in breeding value estimation exists; however, a minimum 
of two years would be required, which would lengthen the generation interval.  While selection 
accuracy increases, sow re-ranking, and different selection decisions were greatest in herds 
more closely related to crossbreds, they were also observed in nucleus sows still active in the 
herd. This indicates that crossbred genetic progress can be positively impacted by including 
pedigreed crossbred records in sow EBV estimations. The potential also exists for crossbred 
genetic progress to be slower than that achieved in purebred sows if available crossbred 
performance records are not included in sow EBV estimations and the genetic correlation 
between purebred and crossbred performance is less than one. 
Re-ranking of individuals and selection decision differences due to increased selection 
accuracy from crossbred record inclusion in breeding value estimation were observed for boars 
used for artificial insemination. Selection accuracy increases were greatest with crossbred 
daughter record inclusion. While obtaining thousands of crossbred daughter records prior to 
selection may not be feasible, breeding companies may consider making boar selection 
decisions after crossbred daughter records are available. Including crossbred granddaughter 
records resulted in increased selection accuracy; however, the time required to obtain them is 
doubled, making their inclusion in timely selection decisions impractical. Due to genetic 
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dissemination practices within the system evaluated and the swine industry, one misguided 
boar selection decision has the potential to negatively impact genetic progress in thousands of 
crossbred daughters and granddaughters as indicated by Figure 3.2.  
The greatest selection decision differences were observed in the multiplier herd system 
with nearly complete pedigree information on crossbred records. This indicates that crossbred 
record collection may have minimal value if pedigree information is not collected concurrently. 
Due to the structure of phenotype-based genetic evaluation systems, pedigree information is 
necessary for records to be included in relative EBV estimation. The resources necessary to 
obtain accurate pedigreed crossbred performance records should be compared to potential 
gains in crossbred performance to determine if crossbred record inclusion is cost-effective. The 
traits included in the present study are collected in a relatively straightforward manner. Future 
research is necessary to determine if including crossbred records in breeding value estimation 
provides the same benefits for more complicated traits. 
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